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 We enhanced soil PCP biodegradation from 14.0% to 71.9% by vermicomposting 
 Main roles of vermicomposting are pH neutralization and humus-PCP 
decomposition 
 Vermicomposting stimulated microbial biomass and bacterial activities in situ 
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ABSTRACT 21 
Vermicomposting is an effective and environmentally friendly approach for soil organic 22 
contamination clean-up. This study investigated the roles and mechanisms of earthworm (Eisenia 23 
foetida) on soil pentachlorophenol (PCP) degradation with sterile and non-sterile soil-compost 24 
treatment. Limited soil PCP degradation was observed in the control and sterile compost treatments, 25 
whereas the synergetic effects of earthworm and compost contribute to the PCP biodegradation 26 
acceleration by significantly improving microbial biomass and activities. Sequence analysis and 27 
phylogentic classification of soil bacterial and fungal community structure after 42 days treatment 28 
identified the dominancy of indigenous bacterial families Pseudomonadaceae, Sphingobacteriaceae 29 
and Xanthomonadaceae, and fungal family Trichocomaceae, which were responsible for PCP 30 
biodegradation and stimulated by vermicomposting. Further investigation revealed the dominant 31 
roles of sterile compost during PCP biodegradation as the formation of humus-PCP in soil rather 32 
than neutralizing soil pH and increasing PCP availability. The mechanisms of vermicomposting 33 
include humus-PCP complex degradation, humus consumption and soil pH neutralization. This 34 
study provides a comprehensive understanding of the synergetic effect of vermicomposting on 35 
microbial community functions and PCP degradation enhancement in soils. 36 
 37 
Keywords: Pentachlorophenol; biodegradation; Earthworm; Compost; Microbial community 38 
 39 
1. Introduction 40 
Pentachlorophenol (PCP) has been widely used in agricultural and industrial applications as 41 
herbicide, pesticide, and broad-spectrum biocide over the world (Fukushima and Tatsumi, 2007). Its 42 
use has been banned due to acute toxicity, poor biodegradability and chemical stability (Puglisi et 43 
al., 2009). Nevertheless, a considerable amount of PCP residues still exist in soils, directly affecting 44 
soil quality and agricultural product safety (Gao et al., 2008). The remediation of soil PCP residues 45 
is therefore important and widely applied for environmental safety around the world. 46 
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Bioaugmentation is a promising technology to clean up soil organic pollutants in a cost-effective 47 
and environmentally friendly manner. Currently, bioremediation methods mainly focus on adding 48 
exogenous degrading strains or compost (Sayara et al., 2009). Adding exogenous degrading strains 49 
directly affects soil PCP residues (Walter et al., 2004). Compost additives can change soil structure 50 
and nutrient content, ameliorating indigenous microbes for PCP biodegradation (Lau et al., 2003). 51 
However, these techniques suffer from the competition between the inoculated and autochthonous 52 
microbes, facing the challenges as low efficiency of growth substrates, low pollutants 53 
bioavailability and insufficient oxygen supply for aerobic biodegradation (Cea et al., 2010). Hence, 54 
vermicomposting is viewed as an implemented biological tool in strengthening bioremediation. 55 
Earthworms are common soil organisms, with strong environmental adaptability and reproductive 56 
capacity, and show high resistance to organic pollutants (Reid and Watson, 2005; Rajpal, et al., 57 
2014). Through their mucilaginous secretions and soil organic matter transformation, earthworms 58 
can increase microbial activity and nutrient availability (Tripathi et al., 2014). Their movement and 59 
burrowing activities enhance soil aeration and increase the contact opportunities between 60 
microorganisms and reactants (Luepromchai et al., 2002). Through these ecological functions, 61 
earthworm can ameliorate soil properties and offset the limitations on bioremediation (Ravindran, et 62 
al., 2015). So far, several studies reported that earthworms could enhance the degradation of organic 63 
pollutants. Lin (Lin et al., 2012) found that earthworms significantly enhanced DDT dechlorination. 64 
Luepromchai (Luepromchai et al., 2002) reported that earthworms accelerated polychlorinated 65 
biphenyl removal by increasing polychlorinated biphenyl-degrading microorganisms. Regardless, 66 
there was little research on whether vermicomposting can affect the PCP biodegradation, and its 67 
functions in PCP degradation and roles in soil microbial community structure remain unclear. 68 
This study aims to investigate the effects of vermicomposting on the PCP degradation in soils. The 69 
results uncovered the changes in bacterial/fungal community influenced by vermicomposting and 70 
identified the roles of the microbial community in PCP biodegradation process. 71 
2. Materials and methods 72 
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2.1 Sites and sampling 73 
Upland soils were collected from South China Agricultural University, China (23°14'22"N, 74 
113°37'51"E). Soil samples were collected from 0 to 20 cm depth, dried and passed through a 2 mm 75 
sieve, and moistened to 60% of their water holding capacity for a week. The fresh cow dung 76 
compost was sampled from the cattle ranch in South China Agricultural University (23°09'29"N, 77 
113°21'37"E). The dung was mixed with lime, transferred into the fermentation cylinder (1 m × 1 78 
m), and covered by 10 cm soils. The cylinder was subsequently wrapped tightly within plastic film 79 
and fermented at 40
o
C for 20 days. The compost was then passed through a 2 mm sieve before use. 80 
PCP was not detectable in soils and compost used in the experiment. The chemical properties of 81 
soils and compost are presented in Table S1. The Eisenia foetida earthworms were purchased from 82 
Pengcheng Farm, Jiangmen. PCP, acetone and ethanol were analytic grade purchased from Sigma 83 
Aldrich (USA). Other chemicals are purchased from Chengshuo Company (China). 84 
2.2 Experiment design and procedure 85 
The vermicomposting treatments for PCP biodegradation are listed in Table 1. Considering PCP 86 
contamination level in heavily polluted areas in China (Gao et al., 2008) and earthworm tolerance 87 
test (Supplementary Fig. S1), an initial concentration of 40 mg kg
-1 
of soil PCP was set for all the 88 
treatments. Each treatment was carried out on 0.5 kg PCP contaminated soil. Earthworms were 89 
added to the soils with the density of 16 individuals kg
-1
. The initial compost dosage was 4.5% as a 90 
common dosage for adequate earthworm survival (Puglisi et al., 2009). Sterile compost was 91 
produced by γ-irradiation with a total dose of 60 kGy. The preparation of PCP contaminated soils 92 
followed previous protocol (Scelza et al., 2008), as described in Supplementary materials. 93 
2.3 Chemical analysis 94 
PCP residue extraction and analysis followed Khodadoust’s method (Khodadoust et al., 1999). Soil 95 
samples were freeze-dried, and the samples (2 g, dry weight) were transferred into polycarbonate 96 
centrifuge tubes and added with 40 mL water:ethanol (50:50, v/v). The tubes were sealed, shaked at 97 
180 rpm for 1 h, and centrifuged at 3,000 g for 15 min. The supernatant passed through 0.45 μm 98 
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filter and the precipitate was separated to humic acid, fulvic acid, and humin fractions using 0.5 mol 99 
L
-1
 NaOH or HCl (Nieman et al., 2005). The earthworm-accumulated PCP was extracted according 100 
to Parrish (Parrish et al., 2006). The humus-fixed PCP was extracted according to Scelza (Scelza et 101 
al., 2008). PCP residues and soil properties were analysed by high-performance liquid 102 
chromatography (HPLC, Waters 1525/2487, USA), as described in Supplementary materials. 103 
2.4 Soil microbial community analysis 104 
Total soil microbial biomass (15 g soil, dry weight) was determined by the fumigation-extraction 105 
method for biomass carbon and nitrogen (Wu et al., 1990). Total microbial activity (25 g soil, dry 106 
weight) was measured by Basal respiration after 0, 14, 28, and 42 d (Bhattacharyya et al., 2005). 107 
The soil microbial community structure was evaluated at 14, 28 and 42 d by DGGE with 16S rRNA 108 
and 18S rRNA amplification for bacteria and fungi, respectively. Briefly, soil DNA was extracted 109 
with Powersoil DNA extraction kit (MoBio Laboratories) following manufacturer’s instructions. 110 
For bacterial community, the V3 region of 16S rRNA gene was amplified by touchdown polymerase 111 
chain reaction (PCR) with the primer set 518R (5'-ATTACCGCGGCTGCTGG) and GC-338F 112 
(5'-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGAGGCAGC113 
AG). For fungal community, the fragments of 18S rRNA gene were amplified with primer sets 114 
GC-fung (5’-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCCATTCCCCGTTA 115 
CCCGTTG-3’) and NS1 (5’-GTAGTCATATGCTTGTCTC-3’). 116 
PCR mixtures contained 25 μL of Premix Taq (Takara Biotechnologies), 1.5 µL of each primer and 117 
2 μL of DNA template, made up to 50 μL with Milli-Q water. The samples were amplified in a 118 
PTC-200 (Bio-Rad Laboratories, USA) with modification from previous research (Cea et al., 2010) 119 
as initial denaturation for 5 min at 94°C, followed by 25 cycles of 30 s at 94°C, 30 s at 55°C, 30 s at 120 
72°C, and 10 cycles of 30 s at 92°C, 30 s at 55°C, 45 s at 72°C, final extension at 72 °C for 10 min. 121 
Blank controls were carried out through all steps. Bacterial and fungi community analysis was 122 
carried out by DGGE with a DCode universal mutation detection system (Bio-Rad Laboratories, 123 
USA) (Supplementary materials). The relative abundance of each band was analyzed by Quantity 124 
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One, and the bands were further re-amplified, sequenced and compared to GenBank database from 125 
the National Center for Biotechnology Information (NCBI) by BLAST tools 126 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The neighbor joining phylogenetic tree was analysed with 127 
software package MEGA 4.0, evaluated by the bootstrap values based on 1000 replicates. 128 
2.5 Data analysis 129 
Analysis of variance followed by a one-way analysis of variance (ANOVA) at the 0.05 level was 130 
used to determine significant differences between treatments. All statistics were carried out in SPSS 131 
(Version 13.0). Significant difference (p<0.05) was marked with different alphabet letters. 132 
3. Results  133 
3.1 Effects of vermicomposting on soil PCP residues 134 
PCP residues have significantly decreased in the compost and vermicomposting treatments (Fig. 1). 135 
Residual PCP in CN, E, ECS and ECN treatments was signiﬁcantly lower than in Ck and Cs (p<0.05). 136 
After 42 days, only 14.0% and 30.4% of residual PCP were found in ECN and ECS, while 39.1% 137 
and 37.1% in CN and E. The PCP half-life in ECS and ECN was 15 and 22 days respectively, lower 138 
than CN (31 d), E (29 d), Ck (87 d) and CS (88 d). The results suggested that vermicomposting with 139 
non-sterile compost enhances soil PCP biodegradation via stimulating local microbial communities. 140 
The humus-fixed PCP is the dominant PCP bound residue in soils (Fig. S3), significantly decreased 141 
after 42 days in E and ECN, lower than ECS, CS and Ck. The humus-fixed PCP contents in Ck and 142 
CN were lower than CS, while no significant difference was observed between other treatments. 143 
Additionally, PCP concentrations accumulated in earthworms were 0.03, 0.03 and 0.04 mg kg
-1
 in E, 144 
ECS and ECN treatments, only accounting for 0.08%-0.10% of initial PCP addition. Little PCP 145 
accumulated in earthworms, although they could ingest PCP-contaminated soil. Meanwhile, high E. 146 
foetida survival rates were observed as 96.67-100% during the vermicomposting remediation. 147 
3.2 Effects of vermicomposting on soil properties and microbial activities 148 
The pH and organic matter content after treatment are presented in Table S2. Soil pH in ECS and 149 
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ECN was significantly higher than E, CS and CN, all of which were significantly higher than Ck. The 150 
compost addition evidently increased the organic matters. TOC in CS, SN, ECS and ECN were at the 151 
same level (p>0.05), all significantly higher than E and Ck. Humus was the lowest in E treatment. 152 
Humin in CS was significantly higher than that in CN and Ck, all significantly higher than that in 153 
ECS and ECN. Humic acid in CS was significantly higher than that in ECS, ECN, CN and Ck, and 154 
fulvic acid in CN and ECN were significantly higher than ECS, CS and Ck. 155 
Soil respiration rates showed high variability for all vermicomposting treatments, especially for ECS 156 
and ECN (Fig. S4). After 42 days, ECS and ECN had the highest soil respiration rates as 6.87 mg kg
-1 
157 
and 7.16 mg kg
-1
, and the lowest in Ck (1.98 mg kg
-1
) and CS (2.27 mg kg
-1
). Fig. S5a further 158 
demonstrated higher biomass carbon in E, ECS and ECN than CN. Similarly, the biomass nitrogen in 159 
ECS and ECN were significantly higher than E, CS and CN, and Ck was the lowest of all the 160 
treatments (Fig. S5b). The results suggested that vermicomposting showed positive impacts on 161 
microbial activity and biomass, consequently resulting in soil PCP biodegradation improvement.  162 
3.3 Soil microbial community change in vermicomposting treatment 163 
The difference and succession of microbial community in various vermicomposting treatments was 164 
evaluated by PCR-DGGE (Fig. 2). The observable changes involved the possible bacterial and 165 
fungal PCP degraders in vermicomposting treatments, originally from the initial PCP contaminated 166 
soils or the new exogenous species driving from the earthworm and compost. 167 
The bacterial community changed substantially and the dominant bands were unique in different 168 
treatment (Fig. 2A). The bands BB/BD/BE/BF were enhanced by either earthworm or compost, while 169 
bands BA/BC were enhanced only by earthworm and non-sterile compost, respectively (Fig. 2A). 170 
After 14 days, the bands Be/Bf in vermicomposting treatments have higher abundance than those in 171 
Ck. Vermicomposting stimulated the bands Ba/Bb/Bc in E, ECS and ECN, while CN enhanced the 172 
band Bd. Cluster analysis showed that the bacterial community in CS and CN gathered for a class, 173 
and then with Ck, while E, ECS and ECN had a higher degree of similarity (Fig. 2A). The bacterial 174 
community was the most diverse after 28 days degradation, and cluster analysis indicated similar 175 
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category within CS and CN, followed by Ck, whereas earthworm treatments (E, ECS and ECN) had 176 
high similarity. Compared to Ck, the similarity order of treatments is CS>CN>(E/ECS/ECN), 177 
suggesting vermicomposting significantly influenced the soil bacterial community. 178 
Soil fungal community also had noticeable change with the additive of earthworm or/and compost. 179 
The more significance of relative abundance of specific bands at 42 days indicated the stimulation 180 
of vermicomposting treatments (Fig. 2B). The most significant enhancement occurred in ECS and 181 
ECN. The enhanced bands Fa/Fb/Fc/Fd at 14 days were also found at 28 and 42 days, marked as 182 
FA/FB/FC/FD and F1/F2/F3/F4, respectively. Cluster analysis showed that the fungi community in 183 
earthworm treatments (E, ECS and ECN) had higher similarity, whereas compost treatments (CS and 184 
CN) formed another similar category and Ck in separate one (Fig. 2B). 185 
DGGE results indicated that earthworm and compost significantly affected bacterial and fungal 186 
community structure, and their synergic effects stimulated more microbial populations compared to 187 
the treatments with only earthworm or compost. The targeted bacterial and fungal bands were 188 
sequenced and phylogenetically classified, as shown in Table S3. Compared with Ck, compost 189 
stimulated bacterial band B5 assigned to Sphingobacteriaceae. The bands B2/B7 have higher 190 
abundance in E, ECS and ECN with phylogenetic similarity to Sphingobacteriaceae and 191 
Xanthomonadaceae, whereas less in CS and CN. The band B1 (CN) was assigned to 192 
Flavobacteriaceae and stimulated by earthworm. It is noteworthy that, in ECS and ECN treatments, 193 
the bands B3/B4/B6 were of higher abundance than in Ck and close to TM7, Pseudomonadaceae and 194 
Opitutaceae (Fig. 2A and Table S3). Earthworm and compost significantly stimulated the fungal 195 
bands F1/F2/F3, assigned to Mucoraceae, Tremellaceae and Trichocomaceae respectively. The 196 
addition of non-sterile compost promoted Hypocreaceae (F4) (Fig. 2B and Table S3).  197 
4. Discussions 198 
4.1 Roles of compost on soil PCP biodegradation 199 
After 42 days, the PCP residual concentration in Ck was 28.66 mg kg
-1
, suggesting that 200 
autochthonous microorganism had a poor ability on PCP degradation. The PCP residual in CS was 201 
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similar as 28.75 mg kg
-1
 and sterile compost did not improve soil PCP removal by itself. Sterile 202 
compost is mainly composed of macromolecular compounds, hard for soil indigenous 203 
microorganisms to utilize. Only after decomposition into smaller compounds, they can stimulate the 204 
growth of degrading microorganisms as carbon sources (Purnomo et al., 2010). The soil respirations 205 
and microbial biomass had no significant difference between these two treatments (Fig. S4 and S5), 206 
further proving the limited stimulation effects of sterile compost on soil biota. 207 
The sterile compost treatment (Cs) significant enhanced the soil humus and humus-fixed PCP (Fig. 208 
S3 and Table S2), suggesting PCP was fixed against degradation. The compost addition increased 209 
PCP stability and decreased its mineralization by increasing soil organic matters and their 210 
adsorption of PCP (Lau et al., 2003; Cea et al., 2010; Sayara et al., 2009). It also prevented the 211 
access and utilization of soil microbes to the PCP (Cea et al., 2010; Sayara et al., 2010). 212 
CN showed significantly higher removal of PCP than CS and Ck (Fig. 1). The results indicated that 213 
non-sterile compost effectively enhanced soil PCP removal via more substrates from compost 214 
decomposition by compost microorganisms. The metabolites secretion from non-sterile compost 215 
stimulates the activities of indigenous microbes, and consequently accelerates PCP degradation 216 
(Bhattacharyya et al., 2005). Further evidence was observed from the increasing soil respirations 217 
and microbial biomass carbon/nitrogen in CN (Fig. S4 and S5). Non-sterile compost was reported to 218 
help soil organic pollutants mineralization by encouraging mesophilic and thermophilic bacteria, 219 
ligninolytic fungi and actinomycetes (Sayara et al., 2010). Lau (Lau et al., 2003) found that 220 
microbes in mushroom compost have the capability to bioremediate PAH-contaminated soil. 221 
4.2 Vermicomposting promoting soil PCP biodegradation 222 
Vermicomposting treatment (E) remarkably reduced soil PCP residue (Fig. 1). It is possibly 223 
explained by stimulated indigenous microbial activities from the increasing soil basal respiration 224 
and biomass carbon/nitrogen after earthworm addition. Earthworms could optimize soil properties, 225 
offset bioremediation limitations, and accelerate soil PCP biodegradation. Earthworms increase soil 226 
porosity and enlarge soil surface area to improve mineral-bacterial interaction (Natal-da-Luz et al., 227 
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2012). Additionally, earthworm has rich mucus, urine and cast, also promoting the activities of 228 
indigenous microorganisms (Eijsackers et al., 2001; Shan et al., 2011). All these factors contributed 229 
to soil amelioration, PCP homogenous dissipation and biodegradation (Natal-da-Luz et al., 2012). 230 
Vermicomposting with compost (ECS and ECN) showed significantly higher PCP removal than 231 
others. The compost provides adequate food to earthworms and enhances their growth. During the 232 
compost digestion, earthworms crush compost into tiny particles, accelerate compost decomposition, 233 
and improve nutrients availability, favoring the growth of indigenous microorganisms (Lin et al., 234 
2012). Earthworm can also consume soil humus and release humus-fixed PCP to enhance PCP 235 
bioavailability (Fig. S3), and the inert and inaccessible PCP was then available for soil microbes 236 
(Shan et al., 2011). Moreover, earthworms also neutralize soil pH to desorb anionic PCP, which is 237 
mainly of molecular state in acidic soil (pH=4.71 in this study). The pH neutralization transfers PCP 238 
from hydrophobic molecular state to hydrophilic anionic state and improves its availability. 239 
4.3 Vermicomposting assistant bacterial and fungi biodegradation 240 
The bacteria and fungi diversity was different during PCP biodegradation process between negative 241 
control and vermicomposting treatments (Fig. 2 and Fig. 3). The significant differences of DGGE 242 
bands between PCP contaminated and non-contaminated soils proved the roles of targeted microbes 243 
in PCP degradation (Lin et al., 2016). Trees for bacterial 16S rRNA genes showed that the 244 
sequenced bands belonged to six families as Sphingobacteriaceae, Flavobacteriaceae, 245 
Pseudomonadaceae, TM7, Xanthomonadaceae and Opitutaceae (Table S3), stimulated by 246 
vermicomposting to enhance the soil PCP biodegradation. Similarly, previous research also showed 247 
that these bacteria could degrade pentachlorophenol, chlorinated phenols, benzoic acid and salicylic 248 
acid (Basta et al., 2005; Liu et al., 2011). Basta (2005) suggested that Sphingobacteriaceae used 249 
available polycyclic or monocyclic aromatic hydrocarbons. Liu (2011) reported that earthworm 250 
stimulated soil MCPA-degrading bacteria, and Xanthomonadaceae was an important herbicide 251 
MCPA consumer. Flavobacteriaceae was observed in non-sterile compost treatments (CN and ECN) 252 
and stimulated by earthworm. Oh (2011) found that Flavobacteriaceae degraded macromolecule 253 
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organic compounds and performed anaerobic respiration. Lange (1996) also reported that the 254 
enzyme PCP 4-monooxygenase from Flavobacterium could catalyze the oxygenolytic removal of 255 
the first chlorine from pentachlorophenol. Our study further suggested that Flavobacteriaceae 256 
contributed to macromolecular compost decomposition and associated with PCP degradation. Our 257 
fungal sequenced bands belonged to Mucoraceae, Tremellaceae, Trichocomaceae and 258 
Hypocreaceae. Besides direct PCP degradation, Mucoraceae and Tremellaceae have been reported 259 
to degrade plant-derived cellulose (Kuramae et al., 2013). These results indicated that 260 
vermicomposting treatment enhanced Mucoraceae and Tremellaceae to decompose compost, 261 
further secreting small molecular metabolites to stimulate soil microorganisms and accelerate PCP 262 
degradation. It is the first time to report Hypocreaceae as organic pollutants degrading fungus. 263 
5. Conclusions  264 
This study revealed that earthworm or non-sterile compost had unique roles in enhancing soil PCP 265 
removal. Vermicomposting contributed to humus consumption and soil pH neutralization, releasing 266 
humus-PCP complex and increasing PCP availability. Sterile compost slowed PCP mineralization 267 
by increasing humus-fixed PCP in soil. Soil bacterial and fungal community structure was also 268 
significantly affected by vermicomposting, and the phylogenetic classification uncovered some 269 
indigenous microorganisms mineralizing PCP, including bacterial Pseudomonadaceae, 270 
Sphingobacteriaceae and Xanthomonadaceae and fungal Trichocomaceae. Compost decomposition 271 
also provided microbial available substrates to stimulate PCP degradation, supported by the 272 
activities of bacterial family Flavobacteriaceae in non-sterile compost, and fungal families 273 
Mucoraceaea and Tremellaceae. Vermicomposting has the potential to enhance the bioremediation 274 
of PCP contaminated soil, which was first time revealed in this study to our knowledge. 275 
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8. Table 












Ck 40 0.5 − − − 
CS 40 0.5 − 4.5 − 
CN 40 0.5 − − 4.5 
E 40 0.5 8 − − 
ECS 40 0.5 8 4.5 − 
ECN 40 0.5 8 − 4.5 
Note: Ck = Blank control, CS = Sterile compost treatment, CN = Non-sterile compost treatment, E = 
Eisenia fetida vermicomposting treatment, ECS = Eisenia fetida vermicomposting with sterile 
compost, ECN = Eisenia fetida vermicomposting with non-sterile compost. 
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Fig. 1. Soil PCP residue concentrations with time dependence in different treatments. Data are mean 
± SD (n=3). Different lower case letters refer to signiﬁcantly differences (ANOVA, Duncan’s test, 
p<0.05) among the treatments. 
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Fig. 2. Cluster analysis of bacterial (16S rRNA, A) and fungal (18S rRNA, B) community structure in different treatments by DGGE. (a), (b) and (c) 
represents the communities at 14, 28 and 42 days respectively. 
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Uncultured Sphingobacteriaceae Mucilaginibacter sp. FJ037541
B2
Uncultured Sphingobacteriaceae Mucilaginibacter sp. EF075248
Sphingobacteriaceae Mucilaginibacter sp. JQ311818




Flavobacteriaceae Myroides sp. GQ398342
Uncultured Verrucomicrobiaceae Verrucomicrobium sp.
HQ010240
B6
Uncultured Opitutaceae Alterococcus sp.HM459619
B3
Uncultured TM7_genera_incertae_sedis bacterium HM651874



























Tremellaceae Bullera sp. fungus AB005452
Uncultured Tremellaceae fungus AJ515938
F2
F1
Uncultured Mucoraceae fungus JF421681
Uncultured Mucoraceae fungus KF356844
Uncultured Trichocomaceae Penicilliumsp.AY681446


















Fig. 3. Neighbor-joining phylogenetic trees of the bacterial 16S (A) and fungal 18S (B) rRNA genes. 
The neighbor-joining trees were constructed based on their closest relatives taken from the NCBI 
database and by using ClustalX software. Scale of bar indicated 5 % sequence divergence and a 
bootstrap analysis was performed with 1000 trials. 
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